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i ABSTRACT

g The salt-gradient solar pond was modelled both experi-
mentally and numerically. The experimental model used a small-
scale tank with artificial sunlight. Both temperature and con-

S

centration measurements were taken. The numerical model used
a one dimensional heat conduction model to describe the heating
phenomena in the pond.

The two models predicted the same type of behavior
as that expected in full-scale ponds. There were small dif-
ferences in the two models. These differences arose from
simplifications. in thé numerical model.
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LIST OF SYMBOLS

h distance below surface (positive downwards) (=] m
hy depth of the UCZ [=] m
k thermal conductivity of the pond solution [=] W/m°C
n refractive index of pond solution (non-dimensional)
q salt concentration [=] kg/m3
t time { =] sec
Cp heat capacity of pond solution [=}] J/kg°C
D depth of the combined UCZ and NCZ [=] m
D, depth of the LCZ [=] m
F fraction of radiation which is absorbed in a small

distance, 8, of solution (non-dimensional)
Ih irradiance at a given pond depth [=] W/m?
Is irradiance just beneath the pond surface [=] W/m?2
m mass of pond [=] kg
QD rate of energy transfer to load [=] J/m?
QLG rate of energy transfervto ground [=] J/m2
Qs rate of energy loss through the surface [=] J/m?
S pond surface area [ =] m?
T temperature in the NCZ [=] °C
To reference temperature [=] °C
Ta ambient temperature [=] °C
Tb temperature in the LCZ [=] °C
Ts temperature in the UCZ [=] °C
Ve heat transfer coefficient at the pond bottom

i=) W/m2°C _
ULS heat transfer coefficient at the surface [ =] W/m2°C
z - dimensionless distance 'n the NCZ

2
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thermal diffusivity of the pond solution [=] m2/sec

small distance in which the fraction F is absorbed
[=] m

dimensionless temperature in the NCZ = T/To
ambient temperature in dimensionless form
dimensionless temperature in the LCZ
ground temperature in dimensionless form
refracted angle [ =] radians
dimensionless temperature in the UCZ
solar zenith angle [=] radians

effective attenuation coefficient [ =] m !
density of pond solution (=] kg/md

dimensionless time
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1. INTRODUCTION

1.1 Definition

The salt-gradient solar pond is a body of water that
is used as both collector and storage of solar energy. Salt is
added to the pond such that the concentration of salt increases
with depth, thus inhibiting free convection. The pond can be from
21 to 10 meters deep, with fresh water at the surface and a
nearly saturated solution at the bottom. The bottom of such
a pond is usually black, for high absorption. When the water
in the bottom region of the salt-gradient pond is heated, it
tends to remain hotter than the rest of the pond, as convection
, is suppressed. Thus, heat extraction is made from the bottom
of the pond.

1.2 Previous investigation

The first serious research effort in the area of
artificially created solar ponds was begun in 1958 by H. Tabor
(Ref. 1). This work continued until 1966 when the interest in ’
solar energy decreased due to the low cost of fuel-o0il. After
the energy crisis of 1973, interest in solar ponds awakened. )
The Scientific Research Foundation in Israel began solar pond i
research in 1974. Two demonstration power plants have been set
up 'in Israel, both of which operate at temperatures near 90°C.
Similar research was begun in 1974 at Ohio State University in
the U.S. Most of the experimental work reported from both
Israel and the U.S. has been performed on full-scale ponds,
with surface areas ranging from 150 m2 to 7000 m2.

Some laboratory experiments have been reported,
however, which investigate the concentration and temperature
gradients, using tanks of 0.5 m diameter (Ref. 2). These tanks
were heated from the bottom and thus did not simulate solar
radiation.




Wilkins and Pinder have reported work done on a small-
scale solar pond model (Ref. 3). The pond they used had surface
dimensions of 65 cm x 65 cm and was 25 cm deep. Their model
used partitions to separate the non-convecting layer from the
convecting layers, and was exposed to actual radiation in
Vancouver.

In 1981, investigators at VKI attempted to model the
"saturated" solar pond, with radiation supplied by five halogen
lamps (Ref. 4).

The present study differs from the others in that a
non-convecting solar pond, without partitions, was modelled on
a small scale with controlled artificial sunlight. The experi-
mental results are then compared to the results from a numerical
model.

1.3 The motivation for laboratory modelling

If solar ponds are to be used for energy production,
a model is needed to test various designs and improvements.
A typical solar pond has a surface area on the order of 1000 m2.
Thus it would be highly impractical to build a full-size solar
pond to test any new idea or possible improvement. There are
many existing computer simulations of solar ponds
(Refs. 5,6,7,8).

Numerical models are limited, however, to the inclu-
sion of phenomena that can be described mathematically. Although
it may be argued that this is always possible, it is certainly
not always practical. Thus the need for reliable small-scale
laboratory models becomes evident.
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2. THEQRY

2.1 Basic principle

Solar radiation is received by the pond through the
pond surface. Some of the incoming radiation is reflected by
the surface and some is absorbed near the surface (see Fig. 1).
Much of the radiation reaches the bottom of a shallow (< 10 m)
pond and is absorbed by the absorbing bottom. Figure ° thows the
amount of transmitted radiation as a function pond d -h. It
can be seen from this figure that 40% of the incoming :aiation
can reach the bottom of a 1.5 m pond. Thus, the bott ~uld
absorb the heat and consequently re-radiate it, heati: _..ie pond
from the bottom. In a pure water pond, the hot water would be
lighter than the colder surface water and free convection would
begin, mixing the water and allowing the heat to escape into
the atmosphere through the surface. 1In a salt-gradient pond,
however, there exist dissolved salts in the pond in proportions
that increase with pond depth. That is, the solution at the
pond surface contains very little salt and that at the pond
bottom is nearly saturated. This increase in solution density
conteracts the decrease in density due to the temperature change,
thus keeping the hot solution at the bottom of the tank. The
stability requirement can be expressed as :

_a‘_g=[3p.}3a+ia}is>o (1)
ah aT q ah 3qj; dh
where :

©
"

density of pond solution [=) kg/m?
h = distance below the surface (positive downwards) [=] m

T = temperature [=] °C

salt concentration (=] 5%
m
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As long as the criteria expressed in equation (1) is maintained,
the pond will be non-convecting and the heating phenomena will
be heat conduction.

2.2 The convective layers

If the entire pond were truly non-convective, the
temperature gradient would be as shown in figure 3a. The
gradients circled, however, quickly become great enough to
overcome the suppressive action of the density gradient and con-
vection begins in the zones shown in figure 3b. Thus in
practice, a salt-gradient pond is composed of three layers

(1) The upper convective zone (UCZ).
(2) The non-convective zone (NCZ).
(3) The lower convective zone (LCZ).

The parallel temperature and density gradients occur in the non-
convecting zone, as shown in figure 4.

2.3 The non-dimensional equations (Ref. 5)

A heat balance over a small layer in the non-convecting
zone yields the following equation

I
2 u
-a—I-=a—aT+————-h secer (2)
at ah2 c
p

where
t = time [=] s

. L.k m2
a = thermal diffusivity = —— [=)] —

pC 3
p
up = effective attenuation coefficient = m.1
C = heat capacity of solution [=] —Y
p kgoc




Ih = radiation at a given pond depth

- - -ul h- -] W
= I (1-F)exp(=-ulh Glsecer] [=] 2

- sinez
8 _ = refracted angle = sin [ 1 rad

r
n
6, = solar zenith angle [ =] rad
n = refractive index of solution [=] non-dimensional
f = fraction of radiation absorbed in a small distance, §,
of solution, non dimensional
8§ = small distance in which fraction F is absorbed [ =] m
Is = irradiance just beneath the pond surface [ =] !;
m

In equation (2) it is assumed that heat transfer occurs in one
direction only. The depth of a solar pond is ordinarily much,
much smaller than either the length or the width, making this
assumption good for such an application. Also, it is assumed
that all the radiation reaching the bottom is absorbed by the
bottom. An equivalent situation occurs when some radiation is
reflected from the bottom, in diffuse form, but is consequently
absorbed in the storage zone (the lower convecting zone).

The solution of eq.(2) requires one initial condition
and two boundary conditions. The initial condition can be chosen
One boundary condition evolves from a heat balance over the upper
convecting zone

aTS IS
—2 = [}-(I—F)exp{-u(h-a)secer}]
ot phlc

p

Q
+ Kk [gl] _ LS (3)
phlcp ah h=h ph1Cp

where :

]
:
3
3

;
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temperature in the upper convecting zone [ =] °C

= depth of the upper convecting zone [=] m

rate of energy loss at the surface [=] W/s m?

The first term on the right represents the heat absorption in
the UCZ due to radiation. The second term represents the heat
conduction across the boundary between the NCZ and the UCZ.

The last term represents heat lost through the pond surface.
The boundary condition at the bottom can be found by performing

The first term on the right represents the heat absorption in

y : a similar heat balance over the LCZ.
|
3T
b . (1-F) I, exp[-u(D-a)secer] -k [EIJ (4)
ot pDSCp pDSCP dh h=D
i % 9% (4)
| pDSCp stCp
!
i where :
; Tb = temperature in the LCZ [=] °C
il DS = depth of the LCZ [=] m
i D = h; + depth of the NCZ [=] m
{
’ k = thermal conductivity of sol'n[=] W/m°C
1
! Q g = rate of energy lost to the ground [=1 J/m2
% QD = rate of energy transfer to load [=] J/m?
]

the LCZ. The second term represents the heat conduction across

the boundary between the LCZ and the NCZ. The third term
represents the losses to the ground and the last term represents
the heat withdrawn from the pond to meet the load.




To non-dimensionalize equations 2, 3 and 4, it is
necessary to choose a characteristic time, temperature and
distance. The characteristic temperature is chosen as simply
Tg, a referonce temperature, which can be the initial pond
temperature, or the ground temperature, or in any other con-
venient way. The characteristic distance is chosen as D,
the combined depth of NCZ and UCZ. The characteristic time
is chosen as gi, which can be thought of as a "thermal
travelling time" over the distance D. Thus equations 2, 3 and

4 become, in dimensionliess form,

2 D21, usecs
28 _ 3% h r (5)
3t az2 kTo
20 021S
= [1-(1-F)exp {-u(hl-S)secer{]
U, D2
+ O [9_9_] - L5 o -0, (6)
36 D2(1-F)I
b . S exp [;u(D-a)seceg] - D fae
at KToD D, 027,
U, .D2 Q.D2
- L6 (ISLI 2 (7)
kD kToD
where
o =L
To
at
T B e——
D2
7 - M
D

NPT URENPRI
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2] =E
s To
) = Tb
y o= —
T
0
U g = heat transfer coefficient at pond bottom [ =] W/m2°C
ULS = heat transfer coefficient at surface [=] W/m2°C
8 = Tambient
a To
T
8 ground
GW I

]

Several dimensionless "numbers", or parameters,
appear in the formulation of the above equations

(1) The Fourier number = Fg = 3% where t = characteristic
D
~ 2 Iy - 3
time [=JLC (% # g- here, in order to choose a t to maintain
the physical meaning of the numbers). F, gives the magnitude
of the contribution to the change in temperature in the NCZ

by conduction.

i | TR
(2) N1 = 3 = the magnitude of the contribution to the
“CbTo change in the NCZ by radiation
Iét
(3) N2 = ———— = the magnitude of the contribution to the
phi1C _To change in temperature in the UCZ due to
P radiation

(4) N3 L S the magnitude of the contribution to the
phyC D change in temperature in the UCZ due to
P conduction

LS_. the magnitude of the contribution to the
ph;C change in temperature in the UCZ due to
P losses through the surface

(5) N4 =

—— —



It
(6) N5 = S = the magnitude of the contribution to the
ToerD C change in temperature in the LCZ due to
S P radiation
(7) N6 = kt = the magnitude of the contribution to the
pD _C D change in temperature in the LCZ due to
P conduction
U .t
(8) N7 = —=— = the magnitude of the contribution to the change
pD C in temperature in the LCZ due to losses to

P the ground

In this formulation, we will not consider the load term, as this
study is concerned with the behavior of a solar pond with no
heat load. For a typical solar pond of total depth 1.5

meters, the following values can be caiculated for the
dimensionless numbers :

Fo = 1077
_, NCZ
Nl =10
N2 = 102 |
N3 =100 > ucz
-1
N = 10 ~
NS =1 ]
N6 =10 ' L Lcz
N7 = 107"
Since, in the NCZ, F, = N1, both the magnitude of N1 and F;, must
be respected. Since in the UCZ, N2 >> N3 and N2 >> N4, only N2
need be modelled. Similarly, in the LCZ, N5 >> N6 and N5 >> N7,
s0 N6 and N7 can be sacrificed. Thus, four numbers must be
respected in any experimental model : F,, N1, N2 and N5.
B it - : . T e s et e I = (= : R ——
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2.4 Discretization of the equations

The non-dimensional equations 5-7 must be discretized
for solution on the VAX computer. A Crank-Nicholsen scheme
(implicit/explicit) was used. Using a forward time discretiza-
tion and centered space discretization equation 5 becomes

n+tl n ntl  n+l  n+l]
6] -61 - -1— ei+1-zei +6i_1
AT 2 AZ2
n n n ,
0.,,-20,+6, D4I, usece
L 17+l i i-1y h ?'] (8)
2 AZ2 KT ;

Using a forward discretization in both time and space, equa-
tion 6 becomes

ntl n n+l N+l n n
81 -1 1 p |02 -0 L1 D 62-9;
At 2 hy AZ 2 h Az
D21 ‘
+ S I1-(1-F)exp{-u(h1-6)secer}
kTqh,
U . D2 U, D2 n+l U <D? n
b |LS o | -1 LS 7 L1LS o (9)
kh, @ 2 kh 2 kh

Using a forward time discretization and a backward space
discretization, equation 7 becomes :




St o ‘ R T -

AZ
2 ] 2
D (1-F)I U, D0
PO ) e xp [-u(D-a)secer] + LG GR
kTODS k DS
2 2
U, .D n+1 U .D
2 kDS 2 kDS

(Note that the heat withdrawal term has been dropped)

Equations 8, 9 and 10 can be programmed in Fortran
to set up a tridiagonal matrix to solve for 8 in a time-marching
style (see Appendix 1 for the program listing). The Crank-
Nicholsen scheme is unconditionally stable.

2.5 Temperature behavior

As the pond is heated at a constant heat input one would
expect an exponential increase in temperature. When cycling occurs,
the average heat input (average with respect to time) is decreased
and thus the maximum temperature would be less that that
with the same constant heat. Unequal cycling, with the time 'on
greater than the time ‘off' would result in an intermediate maximum
temperature.

s -

S—

;
|
§
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3. EXPERIMENT

3.1 Apparatus

The model used for these experiments had a square
surface area of 0.8281 m2. The metal tank was lined on the
inside wall with 4 cm of glass bead insulation (see Appendix 2).
A pond depth of 30 cm was used with a mylar sheet floating on the
surface. The purpose of the.surface sheet was to prevent
excessive losses due to evaporation. A photograph of the pond

appears in figure 5.

3.1.2 The sun

Four halogen Tamps were used to'supply artificial
sunlight to the pond. They were situated at a height that
provided energy to the pond somewhat uniformly and of magnitude

- (at pond surface) of 550 W/m2. Figure 5 shows the radiation

isolines at the pond surface. The standard deviation of the
data was 45.7 W/m?, which is 8.2% of the average. For the
cyclivig phase the "sun" was controlled by a microprocessor
clock.

The temperature of the pond was measured by twelve

Copper-Constantan thermocouples at the positions shown in Table 1.

The temperature measurement chain is shown schematically in
figure 7. A mechanical scanning device, the "clop-clop", was
implemented to scan the thermocouples every 14 minutes. An
electronic T-reference was used that also provided amplification
for the signal'to be received by the data logger. The data
logger recorded the amplified signal on magnetic tape to be later
processed by the PDP computer.
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3.1.4 Salt concentration measurements

A probe, operating on optical principles, was developed
to measure the concentration of MgCi, in the pond. A schematic
of the measurement chain is shown in figure 8. A laser beam is
directed into a 1 mm plastic optical fiber by a focusing device
(see Fig. 9 for detail). The optical fiber then makes a
U-turn. This U-turn is exposed to the solution in which the
concentration is to be measured. As the laser beam hits the
fiber wall, some of the light is refracted into the solution
and some is reflected back into the fiber. The amount of light
that is refracted into the sclution is a function of the index
of refraction of the solution which, in turn, is a function of
salt concentration. Thus, a measure of the light intensity
change through the bend is a measure of the salt concentration.
To measure the intensity of light leaving the solution, a

photo-resistor is used in the receiving network as shown in -
figure 10, and the output is read in volts. Seven probe shapes f
were tested (Fig. 11). The final shape chosen was probe !

number 7, whose calibration curve is shown in figure 12,

AR

3.2 The procedure

3.2.1 Filling

vl ARG BN S AT M ST

The pond was filled using a port at the bottom of the
tank. It was filled in layers, adding 40 ¢ fresh water first.
gMgCs,

Then 40 2 of 0.05 ——————— solution was added, very slowly, so
o me soln

as not to mix the two layers. The concentrations were increased,
as shown in figure 13, until the last layer of

gMgC!.z

0.3 was added. The last layer was 12 cm deep to induce

me soln
an effective LCZ. During filling, a concentration scan was
performed to monitor the filling method.




3.2.2 Heating

The Yights were turned on and the pond was heated for
75 hours. Data was taken intermittently during this period.
Concentration scans were performed during the test and at its
completion.

3.2.3 Cooling

After 75 hours of heating, the lights were shut off
and the pond was allowed to cool for 70 hours. During the
cooling phase temperature data was taken automatically every
14 minutes. At the end of the test, a concentration scan
was made.

3.2.4 Day/night cycling

To study the cycling in the steady-state mode, the pond
was first heated for several days until a surface temperature
of about 40°C was reached. Then the controlling clock was set
for 4.8 hours on, 4.8 hours off. A run of 16 hours was taken.
Then the clock was set for 4.8 hours on, 2.93 hours off, and
60 hours of data were recorded. During all cycling phases,
temperature data was taken automatically every 14 minutes on
magnetic tape. At the completion of the cycling tests, a
concentration scan was made.

3.3 Uncertainty analysis

3.3.1 Temperature measurements

— ! e o — - w— — a— — —

3.3.1.1 Estimation_of uncertainty

The temperatures were computed using the following
formula :

T - - YBZ-4AC

A
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where
B =38.03 £ 0.01
A = 0.00641 = 0.00001

(g
]

- DIG % 10
(where DIG = the numerical value recorded on tape).

Thus, the uncertainty can be estimated using the following
formula

1/2

2

2 2 2

§T = [ (2L sg| + [T sa] + 2T sc| + (<21 «prg
3B 3A 3C 3 DI

For T = 60°, DIG = 500 and

§T = 2°

Thus, the uncertainty is ~ 6%.

3.3.1.2 Radiation effects

The most important thermocouple error would most
likely be from radiation. Figure 14 compares two sets of data
taken at the same time. One was taken with the lights off and
the other with the lights on to observe the radiation effects
on the thermocouple measurements. 1t can be clearly seen that
the effects of radiation are felt only at the first thermocouple
near the surface. From these data it was decided not to incluae
a correction for radiation effects.

P T S

B S sas s s abe




3.3.2 Concentration measurements

The final probe tested has a repeatability of
+ 0.015 volts. The calibration procedure has a great influence
on the uncertainty. A linear formula is used for the tempera-
ture variation with volts.

C=mnmvV + b

If the standard solutions are accurate to * 5%, one can assume
that m and b are accurate to about 5% also.

0.010
0.012

- 0.212

E
n
+

0.239

-2
"

+

The uncertainty in C can then be calculated using :

1/2
2

2 2
sC = [|2C sm| + [2C sb| + [2C GV]
am 3b av

Using this formula for

C =0.22
V=4.16

one obtains :
6C = 0.05 g/me

or

-0—.—0-5—822%
0.22
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4. THE NUMERICAL MODEL

Equations 3, 9 and 10 (presented in section 2.4)
were programmed, in FORTRAN, to be run on the VAX computer.
First the equations were solved with no radiation in the
program DECAY (see Appendix I). Then, in the program HEAT
(Appendix I), the radiation effects were added. Then, the
two programs were combined in SWITCH (Appendix I), to enable
the day/night cycling to be simulated.

Runs were made that compared with the experimental
heating, cooling and cycling. For the experimental comparison,
the following parameters were used : '

h, = 0.4 cm
D = 13 cm
DS =12 cm
w =0.1m!

= 2
Ig 550 W/m
At = 0.00397
AaZ = 0.1
Ug=0 |

1.125 W/m2°C  lights "off"

Ug * lights "on"
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5. ANALYSIS OF RESULTS”

5.1 Experimental

5.1.1 Heating

The series of profiles shown in figure 15 are selected
from the data taken during the heating phase.
sents the initial conditions of the pond, that is, nearly
uniform temperature. The uppermost data point of each curve
is 30 cm (pond surface) and the next point is at 27 cm
(see Table 1). Thus, one can say from data presented here, that
the UCZ is less than 3 cm thick. That is,

Curve 1 repre-

0 <h; <3 cm

The data shows nearly uniform temperatures for the bottom 12 cm.
Thus,

Do =12 cm

s
A pronounced temperature gradient is formed during the first
8 hours of heating, representing exaggerated heat absorption
In the subsequent curves, the gradient

becomes less pronounced, as the heat is convected through to

in the first zone.
the lower regions.

Figures 1l5a,b,c represent graphs of the data taken during
heating that express the temperature as a function of time of
three of the 12 thermocouple positions. Each curve represents

an exponential increase with time. One can see the time
constant is smaller near the pond surface.and larger near the

The complete set of raw data is stored on floppy disk and is
available on request.
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pond bottom. In the series of figures the effect of radiation
coming in at the window can be clearly seen. There are three
"humps" in the data that can be observed at t =~ 6 hours,

t ~ 30 hours and t ~ 55 hours. These times correspond to late
afternoon from 15 to 17h on each of the three testing days.

Figure 17 is the same time history for the average
temperature during heating. The three "humps" are clearly
visible here also.

5.1.1.2 Heat_storage_during the heating phase

An analysis of the pond heat storage during the heating
phase can be made from the data shown in figure 17. The heat
inp.t was calculated by the known radiation at the pond surface.
The energy stored in the pond was calculated by

heat stored = meAT(t)

where :

m = mass of pond = 293 kg

Cp = heat capacity of pond = 3634 J/kg°C
AT(x) = temperature difference from t = 0 to t.

In such a manner, figure 18 was generated. The minimum storage
appears to be about 30%.

5.1.1.3 Global heat loss coefficient

A global heat balarce on the pond yields

mC, — = IS - HS(T-Ta) (11)

= pond surface area = [m]

)
H = global heat loss coefficient [=] W/m2°C

PO 5 T BE - ¥ SNRECY T

TN

e ————— = ¢ — .+ R - S e e————
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Using equation (11), one can solve for H(T—Ta). The variation
of HAT is shown in figure 19. As expected, HAT increases with
time, that is, as the average temperature increases.

5.1.2 Cooling

Temperature profiles taken during the cooling phase
are shown in figure 20. Curve 1 is the initial condition, the
heated tank. 1In the first 9 hours, a drastic change takes place
as the temperature gradient changes sense. Heat is lost quickly
at the pond surface. After 54 hours of cooling (curve 7),
there is still heat storage in the LCZ.

The time variations of the temperature at the twelve
positions in the tank are shown in figurec 2la-1. The outside
radiation effects in the afternoon can again be clearly seen.
The greatest effect of this is a* the surface, smoothing out in
the pond middle, and being felt again, but to a lesser degree,
at the pond bottom. This indicates that absorption occurs at
the top and at the bottom, the greater amount being absorbed
at the top. As in the heating phase, the time constant is
smallest at the pond surface. Figure 22 shows the average tem-
perature variation with time during the cooling phase.

5.1.3 Cycling

5.1.3.1 Equal intervals

Figures 23a-c show the temperature variation with time of
three of the twelve thermocouple positions during the cycling
experiment. Figure 23a at the pond surface, shows a cyclic
wave with a 10 hour period and large amplitude. This represents
the strong effects of the radiation at the surface. As one
moves further into the pond the cyclic variation decays until
it is no longer seen at all. At the bottom of the NCZ the tem-
perature is nearly constant with time, revealing the very stable
nature of the pond at this point. Near the pond bottom,
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a 10 hour cycle is again observed, but with a magnitude less than
that at the top. This indicates that the absorption at the bot-
tom is less than that at the top.

5.1.3.2 Unequal intervals

Figures 24a-1 show the results of cycling tests run in
the form of 5 hours on and 3 hours off. The same type of beha-
viour as described in section 5.1.3.1 appears in these figures.

The experiments were run by heating the tank, then
performing the 5 on/5 off cycling beginning with the hot tank.
Then the 5 on/3 off cycling was begun immediately after. Thus,
one would expect to see the temperatures decrease as the maximum
overall temperature decreases (sce § 2.5), then decrease again
as the average heat input is again decreased. The series of
data taken did exhibit this behaviour, but the temperature
changes were very small and occurred over long periods of time.
Thus, it is not possible to illustrate this behaviour with the 4
data shown here. ‘

5.2 Numerical
5.2.1 Heating

Figures 25a-c show comparisons of the numerical results
with the experimental data for three times in the heating phase;
5 hours, 24 hours and 48 hours. Although the shape of the cur-
ves agree in all cases, the actual temperature difference between
experimental and numerical increases with time. The differences
are due to the simplifications in the numerical model in descri-
bing the absorption of light in the pond. Also, it is expected
that the experimental model would reach higher temperatures than
predicted, as the additional radiation received through the
window was not included in the numerical study.

A
.
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5.2.2 Cooling

Figs. 26a,b,c snow similar results for the cooling phase. The same
comments apply to these as those made in section 5.2.1. There
is, as shown in figure 28, a difference in slope at the pond
bottom. From this one can conclude that the bottom losses are
not correctly modelled.

5.2.3 Cycling

The results from the cycling experiments appear
graphically in Figs.27a,b. Note that the greatest difference
between the two models occurs at the pond surface. This supports
the conclusion that the difference results from :

(1) Pond properties not modelled - especially the plastic cover.
(2) Radiation input from the windows.

(3) Simplified absorption model.

5.3 Concentration measurements

Figure 28a is a concentration profile taken during
the filling of the pond. One can see the distinct layers,
that is, the evidence that, during filling, the layers did not
become mixed.

Figure 28b shows the concentration profile during the
tests, verifying the stability of the pond.

Figure 28c shows the concentration profile after
completion of all the tests. A gradient is still present,
verifying the stability of the pond, but there is clear evidence
of the upward diffusion of salt. There was initially 68.4 kg
of salt added to the pond. Taking the area under the curve of
figure 28c to compute the amount of salt yields 63.7 kg salt
remaining in the pond. This represents a 7% salt loss.

e e : |||||||L| ‘



Some salt was definitely lost from the solution by deposits on
the tank bottom, and also through small leaks in the pond near
the thermocouples. But the concentration measurements are
highly uncertain and thus no quantitative analysis can be made
concerning the salt loss.
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6. CONCLUSIONS

Both the experimental model and the numerical model
exhibited behavior characteristic of solar ponds. That is, the
stable region is at the bottom of the NCZ with absorption in the
upper and lower convecting zones. There is heat storage at the
bottom evidenced in both.

The numerical model was found to be very sensitive to
the depths of the three zones, which are chosen a priori. It is
also very sensitive to the model used for absorption in the
various layers. That is, to effectively use the model, one must
know how radiation will be absorbed in the pond being modelled.

The experimental model acted in quite a "one-dimensional”
way, as supported by the agreement between the numerical model
and the experimental data. To ensure the same absorption charac-
teristics as in a full-size pond, one need only respect the
agreement of water quality and construction materials, if actual
sunlight is used.

The problem becomes more difficult, however, when
artificial light is used. The spectrum of the artificial light
is not exactly the same as the spectrum of sunlight and thus the
absorption characteristics are also different.

Finally, from the modelling attempted in this work,
one can conclude that the modelling of solar ponds both experi-
mentally and numerically is not only possible but feasible and
should be investigated further.
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7. RECOMMENDATIONS FOR FUTURE WORK

7.1 Numerical model

The numerical model could be improved by better
modelling the pond loss (i.e., temperature-dependent heat loss
coefficients). The validity of the analysis of the important

dimensionless parameters could be checked using the numerical
model.

It would be interesting to compare the results of the
model with full-scale field tests.

7.2 Experimental

A longer test, with different cycling times, could be
run to observe the phenomena described by section 2.5.

The experimental data could be compared with full-
scale field tests.

If artificial light is to be used, an in-depth study
of the absorption characteristics of the 1ight in comparison
with sunlight should be made.

The concentration probe, as described in section 3.1.4
could be further improved to reduce experimental uncertainty
and make it easier to use.

T S
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Thermocouple
number

W 00 N O v W N

-
N = O

TABLE 1

Distance from
pond bottom (cm)

11.5
13
14.5
16
18
21
24
27
30
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PSS TIPS B TP R T PP LI




- 29 -

APPENDIX 1 - PROGRAM LISTINGS

(a)
(b)
(c)
(d)
(e)
(f)

Numerical - cooling

Numerical - heating

Numerical - cyvcling

Program to solve tridiagonal matrix
Plot - temperature vs height

Plot - temperature vs time

o

d——
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APPENDIX 2 - APPARATUS INFORMATION
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Deux types :

1- FOAMGLAS® T2
principalement destiné aux

applications pour lesquelles la
conductivité thermique repré-

COMPOSITION :

sente le facteur prédominant. TEMPERATURE D'EMPLOI :

2- FOAMGLAS® 83,

POINT DE RAMOLLISSEMENT :

appliqué plus particulitrement AgsORPTION D’EAU :

lorsque les exigences en
matidre de résistance a la
compression sont séveres.

Deux isolants FOAMGLAS®
pourront donc étre spécifiés
pour les applications dans
les domaines du batiment,
de l'industrie et du froid.

(a Pimmersion)

HYGROSCOPICITE :

PERMEABILITE
A LAVAPEUR D’EAU :

FACTEUR DZ RESISTANCE
A LA DIFFUSION
DE VAPEUR D’EAU :

CAPILLARITE :

RESISTANCE AUX ACIDES :

INCOMBUSTIBILITE :
STABILITE DIMEMSIONNELLE :

(SOLEMENT ACOUSTIQUE
BRUT AUX FREQUENCES
AUDIBLES :

FPROPEIETES PHYSIQUES

Verre cellulaire alumino-silicaté
d’'une composition spécialement
étudiée, totalement inorganique, sans
addition de liants

—260 & + 430°C

Point de ramollissement du verre :
environ 730°C

Nulle 4 I'exception de la rétention
momentanée de surface

Nuite

Nulle, selon norme AFNOR-NFX 41.001
(Essai du C.S.T.B. - Paris)

n : o, Forschungsinstitut fur
Warmeschutz, Allemagne
(Or. Cammerer)

Nulle

Résiste a tous les acides
communément employés ainsi qu'a
leurs vapeurs

Classé M.O.

Parfaite

28 ¢B pour une épaisseur de10cm




Dimensions en mm,

Longueur largeur  Epaisseur
300 450 40, 45, 50, 60, 70, 80, 90, 100, 120, 130
600 450 50, 60, 70, 80, 90, 100, 120, 130
marquage rouge
M ]|
MASSE VOLUMIQUE
{tolérance + 10%) ' 125 kg/m? 125 kg/m3

CONDUCTIVITE
THERMIQUE
(tolérance + 5%)

- 0°C:0,036keal/mhoC
+20°C: 0,039 keal/m.h.°C

. 4-20°C: 0,033 kcal/mh°C & -20°C: 0,038 W/mK
0°C:0042W/mK
+20°C: 0,045W/mK

Dimensions en mm.

Longueur Largeur Epaisseur

300 450 40, €0, 60, 100
600 450 50, 60, 100
marquage bleu

M Sl

135 kg/m? 135 kg/m3

2-20°C:0,035keal/mh°C a -20°C: 0,041 W/mK
0°C:0,038 keal/m.h.eC 0°C: 0,044 W/mK
+20°C:0,041keal/mheC  +20°C: 0,048 W/mK

*RESISTANCE A
LA COMPRESSION

{valeur moyenne} ‘s kg/cm? 490 kPa 7 kg/em? 680 kPa

RESISTANCE -

A LA FLEXION " 4,5 kg/em? 440 kPa 5,3 kg/cm? 520 kPa

MODULE

DELASTICITE

(A LA FLEXION) 10.000 kg/cm? 980 MPa 12.000 kg/cm? 1.180 MPa

COEFFICIENT :

DE DILATATION .

LINEAIRE " 8,5x10°8/°C 8,5x106/K . 85« 10-¢/°C 85x106/K
‘ f

CHALEUR ! ,

SPECIFIQUE © 0,20 keal/kg*C 0.84 kJ/kg K ' 0.20 kcal /kg°C 0,84 kJ/kg K

DIFFUSIVITE ; ;

THERMIQUE A 0°C 4,0 x10- em?/sec. 4,0 x 10-7 m¥/sec. 4,0 x 10°7 m?/sec.

*Le coellicient de sécurité sera choisi par le bureau d'études en
fonction de lapplication. Une valeur de 3 est fréquemment
adoptée. Sau! indications contraires, les propriétés du verre
cellulaire FOAMGLAS® sont données & la température ambiante

FABRIQUE PAR

PITISEURGH
CORNING
EUROPESA.

PITTSBURGH CORNING EUROPE SA.

Avenue de Tervuren 36 - Boite 19

B - 1040 BRUXELLES Belgique. Teél. (02) 735920 36
Télex 22277 Picto B.

. 40x 10-2 cm?/sec.

et correspondent aux méthodes d'essais ASTM N° C 303, C 240,
C 165 C 177, C203, C 355 et E 136.

Pour risolation des tonds de réservoirs, on se référera & la
spécitication i 22 - édition 1978,

P R LSRN T e S8 10) - Prmiet v Seipum

® FOAMGLAS o1 PC sont Jes margues #éposees ace Erats U'ms ot dons & sutres poys.
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